superimposed on the winter enhancement (Polar Stratospheric Clouds; PSCs). The decay time scale of the disturbance was about 23 months when we approximated the decay pattern of April 1983-October 1985 (winter measurements were not used) by an e-folding decay function, but the time was about 10 months (or smaller) in the winter of 1983. These time scales suggest that decay of the volcanic disturbance was possibly affected by PSCs activities and the year-to-year change in the length of the cold season of the Antarctic stratosphere. The PSCs event may act as an effective loss of volcanic materials from the Antarctic stratosphere.
Introduction
The volcanic effects of the El Chichon eruption (Spring 1982, Mexico) on Antarctic stratospheric aerosols have become the center of interest from the viewpoints of the global dispersion of volcanic materials and the volcanic effect on ozone depletion in the Antarctic spring. Many investigations have suggested that the eruptions of El Chichon disturbed the Antarctic stratospheric aerosol layer (HOFMANN and ROSEN, 1985; IWASAKA et al., 1985a IWASAKA et al., , 1986 MCCORMICK and TREPTE, 1986) . According to balloon measurements in Antarctica by HOFMANN (1987) , the concentration of the aerosol layer peak has decreased by roughly a factor of 2 each year after 1983. Hofmann's conclusion was that the decay rate of the Antarctic aerosol content was in reasonable agreement with his measurements at Laramie, Wyoming. It should be noticed that his inference was due to measurements in late spring and summer at Antarctica. As will be discussed, air mass exchange between high latitudes and low and mid latitudes is very active in these seasons, and therefore the behavior of Antarctic atmospheric constituents may be similar to that in the mid and low latitudes, and the decay rates of volcanic particle content can be in similar value ranges. In spite of this, the Antarctic winter stratosphere is characterized by the appearance of a strong polar vortex and a very cold air mass. The Antarctic stratosphere is highly isolated from other regions by this polar vortex in winter.
Owing to such atmospheric conditions, the decay pattern of the volcanic disturbance during the Antarctic winter is expected to be different from that in other regions. Cold stratospheric temperatures usually activate particulate matter production, and thereby the Antarctic winter stratosphere may enhance the volcanic effect through gas-to-particle conversion processes. Contrary to this expectation, the winter stratosphere may instead function as a sink of volcanic material, since active particle growth can cause the precipitation of particles to the troposphere. In this paper we present two decay time scales of the El Chichon disturbance in the Antarctic stratosphere; one was estimated from winter measurements and the other from early spring and late fall data. These are compared with the decay time scales presented by other investigators (e.g., HOFMANN, 1987).
2. Aerosol Content Measured by Lidar characteristics of the lidar are listed in Table 1 (detailed specifications of the system were described by IWASAKA et al. (1985b) ). The measured total backscattering signal containing both molecular and particle components is normalized by adjusting the signal to the estimated Rayleigh signal above the aerosol layer. To estimate the Rayleigh scattering coefficient, we used the result of meteorological sonde measurements at Syowa Station. Figure 1 shows the vertically integrated backscattering coefficient of aerosol particles from 1983 to 1985 at Syowa Station (integration from the local tropopause to the layer top). During summer it is impossible to measure backscattering light from the stratosphere due to strong solar radiation. The polar stratospheric aerosols were noticeably disturbed by the E1 Chichon eruption of 1982 (HOFMANN and ROSEN, 1985; MCCORMICK et al., 1985; ITOH et al., 1986; IWASAKA et aL.,1986) . TUNG et al. (1986) attributed the "ozone hole" to an upwelling motion of air containing E1 Chichon aerosols, since the air could be heated up through the absorption of solar radiation by the particles. The e-folding time of the volcanic disturbance in the Antarctic stratosphere is of interest when discussing the volcanic effect on the "ozone hole".
Decay of volcanic disturbances in the Antarctic stratosphere seems to be associated with the global geochemical budget of volcanic material. Analysis of ice-cores sampled from the Antarctic ice sheet has suggested that volcanic material was transported through the stratosphere in the case of a violent eruption (e.g., DELMAS et al.,1985) . STANFORD (1973) and IWASAKA (1986a) suggested that the polar stratosphere could act as an active sink of stratospheric water vapor through the gravitational sedimentation of particles which grow to be very large particles under cold stratospheric conditions. MCCORMICK et al. (1985) and IWASAKA (1986b) observed the downward motion of the particulate layer to be about 0.8mm/ sec during the 3.1 Decay time scale of volcanic disturbance in the Antarctic stratosphere IWASAKA et al. (1985a) speculated that the volcanic particles reached the Antarctic stratosphere by the end of 1982 or the beginning of 1983, based on electron microscopic observation of particles directly sampled from the Antarctic showed the volcanic disturbance of E1 Chichon spread to high latitudes of the Southern hemisphere in November, 1982 (MCCORMICK et al., 1984 . According to HOFMANN and ROSEN (1985) aerosol content measured by a balloon-borne dust counter was much larger at McMurdo, Antarctica in 1983 (October 27), possibly owing to the eruption of E1 Chichon.
From these measurements, the initial winter enhancement stage (Polar Strato- spheric Clouds; PSCs) of 1983 (and maybe the following winter also) was perturbed by the volcanic eruption. As the winter went on, the polar vortex became stronger and the Antarctic stratosphere was highly isolated. Under such conditions, the flow of volcanic material into the polar stratosphere from the lower latitudes was prevented. Therefore, a year-to-year change in the load of volcanic material in early winter can affect the year-to-year change in the strength of PSCs activity. There was a large difference in the load of winter stratospheric aerosols measured at Syowa Station between 1983 and 1985 (Fig. 1 ). The temperature difference between both winters, in addition to the volcanic effect, could also be pointed out as an important factor causing the difference in aerosol contents. However, as shown in Fig. 2 , there was no meaningful difference between the stratospheric temperatures between the winters of 1983 and 1985; therefore, the difference in winter aerosol load is not due TREPTE, 1986), balloon measurements (ITOH et al., 1986) and electron microscopic observations of aerosols sampled directly (IWASAKA et al., 1985a) , it is reasonable to say that the difference in particulate matter concentration was due to the volcanic disturbance by Mt. E1 Chichon.
If the volcanic material enclosed inside the polar vortex decreases its content through the same decay processes in low and mid latitudes, the Antarctic winter volcanic disturbance decay time would be in the same range as that in low and mid latitudes. In winter, as shown in Fig. 1 , the Antarctic stratospheric aerosol was extremely enhanced (formation of Polar Stratospheric Clouds; PSCs). In order to understand volcanic disturbance decay in winter, it is necessary to separate the volcanic disturbance component from the enhanced winter stratospheric aerosols. Detailed discussion of the relationship between the volcanic disturbance and PSCs event is beyond the scope of this paper. To simplify the problem, it is assumed that the aerosol content in the disturbed winter stratosphere is given by the sum of the volcanic disturbance component and the PSCs contribution,
aerosols, t the time in the winter season, and i the year. If we neglect volcanic effect in the winter of 1985 (e.g., MCCORMICK and TREPTE, 1987), we can estimate the volcanic component in the winter of 1983 using the following relation (the schema is given in Fig. 3 MCCORMICK et al.,1978; IWASAKA, 1981; HAYASHIDA and IWASAKA, 1985) . Most measurements showed that the decay time scales were in the range from about 12 months to about 14 months for observational periods from a few months to a few years after the eruptions (Table 2 ). However, the decay times vary for the duration and time of observations, owing to the complex nature of volcanic aerosol removal processes (ITABE et al., 1977; IWASAKA, 1981; HAYASHIDA and IWASAKA, 1985; . After about 6 months to a year, the aerosols can be maintained in a moderately perturbed state by the slow conversion of injected sulfur gases to condensed sulfuric acid. The decay rate for this period approaches the characteristic time of chemical and physical removal processes for gaseous injectants (TURco et al., 1982) . Antarctic stratosphere is characterized by isolation from the lower stratosphere by the polar jet, the noticeable enhancement of aerosols, and sedimentational particle loss associated with the enhancement. Volcanic aerosols may also be transported from the stratosphere to the troposphere in winter.
The present analysis, though it was based on a simplified model, suggested that the decay rate in the Antarctic winter was shorter than the previous values obtained from measurements at mid and low latitudes. The time scale estimated from summer to summer variations in the aerosol load in Antarctica (HOFMANN, 1987) is also longer than the present result. One possible interpretation of the short time of decay, as pointed out above, is that the active growth of particles in winter leads to a rapid loss of volcanic aerosols through particle sedimentation to the troposphere (Fig. 4) . In order to assess volcanic effects inside the polar vortex, it is necessary to obtain information on the microphysical processes controlling the relationship between PSCs particles and volcanic material. In summer, air mixing between the polar region and mid-and low-latitude atmospheres advances. However, when the cold winter effects remain in summer, this effect may act as a precondition for aerosol processes in the next winter stratosphere.
Increase in winter length and its effect on aerosol load
Temperature distribution data obtained from radiosonde measurements in spring at Syowa Station are shown in Fig. 5 . Very cold temperatures, lower than and thus an interannual decrease in the stratospheric temperature can cause an increase in particle content in early spring.
When we approximate the year-to-year changes in aerosol load of austral fall and spring (April, May, September, and early October) using an e-folding decay curve, curve A in Fig. 6 , the decay time is apparently longer than the time in the Antarctic winter of 1983 and the times obtained from the measurements at low and mid latitudes. IWASAKA et al. (1986) suggested that the springtime aerosol load was increasing from year to year at Syowa Station due to the appearance of cold springs. One possible interpretation of the long decay time is the combined effects of the decrease in volcanic effects and the spring temperature cooling from year to year in the Antarctic stratosphere. After the cold season, as the polar vortex breaks down, air exchange between the Antarctic region and mid and low latitudes becomes active. During this period, the decay rate of the volcanic disturbance in the aerosol load is expected to have approximately the same value as the results obtained at mid and low latitudes.
3.3 Aerosol content in the Antarctic summer stratosphere HOFMANN (1987) concluded that the decay rate of the Antarctic stratospheric aerosols disturbed by the El Chichon eruption was the at McMurdo. As was stated above, it should be noted that their measurements were made only during austral summer or late spring (late October-early November). Active air mass exchange in this period possibly makes the difference in the volcanic aerosols content and other parameters associated with the volcanic disturbance between the higher and the lower latitudes smaller, and therefore we expect that the decay rate of the Antarctic aerosol content based on observations in this period is the same value at other latitudes.
According to measurements made by balloon-borne particle counter at Wyoming, the mean particle radius increased to an unusually large value when the 1983, 1984, and 1985 , the decay processes of the El Chichon volcanic disturbance seem to be quite different from those reported on the basis of measurements at mid latitudes. For the decay rate of the Antarctic winter season, though the present analysis was simplified and the observation was not sufficient, a short time scale was suggested. Atmospheric processes characterizing the Antarctic stratosphere include such phenomena as the cooling winter stratosphere, the developing polar jet, formation of PSCs and others. The appearance of PSCs may accelerate the removal of volcanic aerosols and related gases to the troposphere.
The analysis on the basis of the data from early spring and late fall demonstrated a long time decay (23 months). This does not mean that decay of the disturbance becomes slow in Antarctica, but instead shows the spring increase in aerosol load caused by year-to-year cooling in the Antarctic spring stratosphere (e.g., IWASAKA et al., 1986; IWASAKA and KONDOH, 1987) . The aerosol size ratio measured in the summers of 1983 and 1985 was in the same range as the measurements at mid latitudes of the northern hemisphere; this is possibly due to active air mass exchange in summer between the Antarctic region and the lower latitudes.
However, the observations on the Antarctic stratospheric aerosols are limited and therefore the conclusion is speculative. More information on the temporal and spatial variations of aerosol content and size distributions must be obtained. Syowa Station is located below a polar vortex, and therefore a shift of the vortex location seriously complicates interpretation of changes in the aerosol content. If we can make simultaneous measurements at Syowa Station and other stations which are inside the polar vortex, more detailed discussion of the removal process of particulate matter in the polar region and the particle mixing process between the polar region and the lower latitudes can be held. 
